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Multistability in perception is a powerful tool for investigating sensory-perceptual transformations, because it produces dissociations between sensory inputs and subjective experience. Spontaneous switching between different perceptual objects occurs during prolonged listening to a sound sequence of tone triplets or repeated words (termed auditory streaming and verbal transformations, respectively). We used these examples of auditory multistability to examine to what extent neurochemical and cognitive factors influence the observed idiosyncratic patterns of switching between perceptual objects. The concentrations of glutamate-glutamine (Glx) and g-aminobutyric acid (GABA) in brain regions were measured by magnetic resonance spectroscopy, while personality traits and executive functions were assessed using questionnaires and response inhibition tasks. Idiosyncratic patterns of perceptual switching in the two multistable stimulus configurations were identified using a multidimensional scaling (MDS) analysis. Intriguingly, although switching patterns within each individual differed between auditory streaming and verbal transformations, similar MDS dimensions were extracted separately from the two datasets. Individual switching patterns were significantly correlated with Glx and GABA concentrations in auditory cortex and inferior frontal cortex but not with the personality traits and executive functions. Our results suggest that auditory perceptual organization depends on the balance between neural excitation and inhibition in different brain regions.
This article is part of the themed issue 'Auditory and visual scene analysis'.
Introduction
An essential function of perceptual systems is to parse complex scenes into meaningful components. The sequential integration and segregation of frequency components play a critical role in auditory scene analysis because sound sources produce information over time [1] . Multistable perceptual phenomena, such as auditory streaming have been used to identify the factors influencing auditory scene analysis [2, 3] (see also [4, 5] ). A sequence of repeating tone triplets (ABA, where A and B differ in frequency) is presented in the auditory streaming paradigm [6] . The perceptual organization depends on the frequency difference between the A and B tones and the presentation rate: a small difference and slow presentation favour integration (i.e. all tones experienced as a single stream), whereas a large separation and fast presentation favour segregation (i.e. two separate streams). For intermediate differences and presentation rates, perception tends to switch between the two types of percept [7] . Recent studies & 2017 The Author(s) Published by the Royal Society. All rights reserved. using auditory streaming have pointed out that listeners can experience three or more types of perceptual organization, such as integrated, segregated and combined percepts [8] [9] [10] . In verbal transformations, a series of perceptual switches is produced by prolonged listening to a repeated word without a pause [11, 12] . For instance, the stimulus 'tress' may be transformed into a variety of verbal forms, such as 'dress', 'stress' and 'drest' [13] . In daily life, we sometimes have difficulty taking signals from acoustic inputs because of various types of noise. From the perspective of adaptive behaviour, it is important for the brain to create some possible percepts from ambiguous inputs and fluctuate perceptual interpretations of them. Thus, these paradigms are simple but important for investigating our abilities to identify sound events, communicate with others and enjoy music.
Multistable stimuli induce successive spontaneous switches between different perceptual objects, in a seemingly random manner [14] . A recent study has demonstrated that perceptual switching patterns are idiosyncratic: the switching patterns of each participant are more similar to their own switching patterns in different sessions than to those of other participants and this tendency is preserved even when sessions are separated by more than a year [9] . This raises the following question: what are the idiosyncratic factors of perceptual switching?
One possibility is that genetic or anatomical differences are responsible for interindividual variations in multistable perception. A twin heritability study has revealed that 50% of the variance in the binocular rivalry rate is explained by additive genetic factors [15] . The dopaminergic system has been linked with individual differences of perceptual switching in auditory streaming and verbal transformations [16, 17] . Brain structures, such as regional cortical volumes [18] and interregional connections [19] , are associated with spontaneous switching in visual rivalry. However, few studies have examined whether neurochemical factors in the brain contribute to the stability of idiosyncratic switching patterns in an auditory multistable task. Computational models with mutual inhibition and sensory adaptation have been proposed to account for the nonlinear dynamics of perceptual multistability [20] [21] [22] [23] [24] . In these models, perceptual switching is driven by adaptation of the winning neural population and lateral inhibition of the competing population [25] . Thus, we can expect that the excitation-inhibition balance plays an important role in perceptual multistability. However, it is essentially difficult to elucidate the excitation-inhibition balance of brain activations, because both processes are activity dependent but in fundamentally different ways [26] . To overcome this difficulty, we used magnetic resonance spectroscopy (MRS) to measure the concentration of glutamate-glutamine (Glx) and g-aminobutyric acid (GABA) within brain regions. In the cerebral cortex, roughly 80% of the neurons are excitatory glutamatergic and 20% are inhibitory GABAergic neurons [27] . The ratio of synaptic neurotransmitters plays a key role in coordinating the pyramidal cell activity and in driving the haemodynamic response. Specifically, MRS studies have demonstrated that the GABA concentration in different cortical areas predicts individual differences in visual awareness [28] , visual attention [29, 30] and orientation discrimination [31] . However, it is unclear to what degree neurotransmitter systems are involved in the formation and selection of auditory objects.
Another approach is to search for high-level processes related to switching patterns for each individual [32] [33] [34] . Although the frontal areas are probably responsible for perceptual switching in different multistable stimuli [35] [36] [37] , there is little evidence for a link between personality traits and switching patterns, except for the results of one recent study [38] . We assessed personality traits and executive functions to investigate whether cognitive abilities are associated with individual differences in perceptual switching. Perceptual organization may also be influenced by the big five traits (measured by the Big Five Inventory [39] ), which are considered to be the basic broad domains of personality. Behavioural impulsivity and flexibility have been measured by using the UPPS Impulsive Behaviour Inventory [40] and ego-resiliency scale [41, 42] , respectively. Inhibitory control is thought to be one of the important executive functions [43] . This study focused on inhibition of a prepotent response to test the possible role of cognitive-level inhibition processes in perceptual organization. We extracted several variables for auditory streaming and verbal transformations and computed correlations between perceptual variables, neurotransmitter measures, personality traits, and response inhibition abilities.
Material and methods (a) Participants
We recruited 34 Japanese participants (24 ). To minimize confounding factors, we acquired MR spectra at a fixed time during the day, which was one and a half hours from 13.00 to 14.30.
MR spectra were acquired from four 3 Â 3 Â 3 cm 3 voxels of interest: the auditory cortex (AC), inferior frontal cortex (IFC), prefrontal cortex (PFC) and anterior cingulate cortex (ACC; electronic supplementary material, figure S1a). Voxels were positioned by using internal landmarks in order to achieve a consistent position between participants. The AC voxel included Heschl's gyrus (Brodmann area: BA 41) and the anterior part of the temporal plane (BA 42). The IFC voxel included the pars opercularis (BA 44) and pars triangularis (BA 45) of the inferior frontal gyrus. The PFC voxel was located at the anterior part of the middle frontal gyrus (BA 46). The ACC voxel (including portions of BAs 32 and 9) was located superior to the genu of the corpus callosum and centred on the interhemispheric fissure. All voxels except the ACC one were angled parallel to the brain surface of the left hemisphere. For each participant, voxels were separately placed to exclude cerebral spinal fluid from the ventricles or the cortical surface.
Four consecutive runs were acquired from the different voxels for each participant. Before each run, we carefully carried out manual shimming (approx. 5 min) of the magnetic field in the rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160110 voxel to avoid line broadening. MR spectra were obtained by using a GABA spectral editing sequence. For each spectrum, 64 spectral averages of 1024 data points were acquired with a repetition time of 1500 ms and an echo time of 68 ms, resulting in scan duration of 3 min 18 s. We used the short duration to reduce effects of head motion on MR spectra. An editing pulse with bandwidth of 44 Hz was applied at 1.9 ppm (on) and 7.5 ppm (off) in interleaved scans. Differences in the edited spectra yielded the Glx and GABA peaks (electronic supplementary material, figure S1b). The unsuppressed water signal was also acquired from the same voxel.
Gannet and in-house software was used to quantify total Glx and GABA in the difference spectra [45] . All spectra were phase aligned with reference to water, frequency aligned to creatine and modelled with a simple Gaussian function. The final results were expressed as the ratio of Glx and GABA signal areas (peaks at 3.76 and 3.00 ppm, respectively) relative to the unsuppressed water signal area (W). The Glx/W and GABA/W concentrations were quantified in institutional unit (i.u.) [46] . The Glx/W and GABA/W concentrations (mean + s.e.) were 1. 
(c) Task procedures
Right after the MRS data acquisition, participants performed the multistability tasks and response inhibition tasks and filled out the personality questionnaires in a quiet room. The behavioural tasks were controlled by the Cogent 2000 Toolbox running under MATLAB (Mathworks Inc.) on a PC, whereas the personality questionnaires, consisting of the Big Five Inventory, the UPPS Impulsive Behaviour Inventory and ego-resiliency scale, were pen-and-paper tests. The order of these tests was randomized across participants.
For auditory streaming, the stimuli and task procedures were identical to those used in our previous studies [38, 47] . The streaming stimulus was a 4-min-long sequence of a repeating ABA-pattern, where the frequency of the A tone was 400 Hz and the frequency difference between the A and B tones was four semitones. The tones had a duration of 75 ms, and the stimulus onset asynchrony was 150 ms. Participants were instructed to continuously report their perception by holding down the assigned arrow key on a computer keyboard for as long as they perceived the tones in the same way. Participants were given four alternatives for categorizing their perception: integrated (ABA-ABA-), segregated (A-A-and -B---B--), combined (AB--and --A-or -BA-and A---) and none (none of the above possibilities). The five test blocks were preceded by training blocks, where participants practised reporting their perception confidently and precisely.
For the verbal transformations, the stimulus consisted of repetitions of the word 'banana', spoken by a female native Japanese speaker [37] . Participants heard the word for 340 ms without gaps while refraining from silently repeating it. They were asked to continuously indicate the word they heard by holding down the assigned arrow keys on a computer keyboard. The alternatives to be marked were banana, nappa ('vegetables' in English), some nonsense word, or some other word (i.e. actual Japanese words other than banana and nappa), and none (undecided). Five 4-min blocks were conducted for verbal transformations for comparability with the auditory streaming task.
Three inhibition tasks were employed to assess participants' ability to inhibit automatic or prepotent responses. Although the term of 'inhibition' is commonly used to describe a wide variety of functions, the concept of inhibition in this study is restricted to the controlled suppression of dominant responses. In the antisaccade task, a visual cue was followed by a target, and participants had to suppress stimulus-driven attention induced by the cue. The stop-signal task was similar to a go/nogo task, but required them to inhibit an already initiated motor response. Thus, in addition to response accuracies, latencies to stop a response could be calculated. In the Stroop task, participants had to resolve name-colour conflicts and provide a response verbally. The detailed procedures of personality questionnaires and inhibition tasks are described in the electronic supplementary material, Task Procedures and figure S2. The scores for all items of the personality scales were summed to produce the subscale scores. The reliabilities reached a satisfactory level (range of 0.73-0.88). A summary of descriptive statistics for the personality scales and inhibition tasks is shown in the electronic supplementary material, tables S1 and S2.
(d) Data analysis
For the auditory streaming paradigm, catch trails were used to exclude participants who likely did not fully understand the instructions (see the electronic supplementary material, Data Analysis for details). Each of the possible perceptual alternatives were promoted in the catch trials. On the basis of catch-trial performance, we excluded participants from further analysis if their correct identification of the disambiguated integrated, segregated or combined percept fell below 30% or their composite correct score was less than 60% [47] . The data for 11 participants were removed, making the sample size 22.
For each multistability task, the time-series data of phase durations were collected from all test blocks. Phases shorter than 300 ms were excluded from data analyses [48] , resulting in 99.7% of the analysed data. Results of a previous study suggested that the first block should be discarded from the analysis because the switching pattern in this block substantially differs from that in the rest of the blocks [47] . The following analyses were based on blocks two to five (electronic supplementary material, figure S3a). In addition, the first phase was removed from each block, because the first phase duration is known to be longer than that of the subsequent ones [7, 49] . Individual switching patterns were characterized by using transition matrices, which represent the conditional probabilities of perceptual switches [10] . We modelled time-series switching data using a Markov chain of four types of percepts in auditory streaming and five types of percepts in verbal transformations. The parameters of a Markov chain were used to calculate transition probabilities from one to the other percepts. The transition matrices include several measures of switching patterns, such as switch numbers, phase durations and percept proportions.
The number of perceptual switches and the durations of each percept were extracted from transition matrices. For auditory streaming, the number of switches across blocks was 35.8 + 24.6 (mean + s.e.). The phase durations were 14.7 + 13.3 s for integrated, 7.5 + 5.8 s for segregated, 6.6 + 4.9 s for combined and 1.5 + 1. The time to discover all percepts was calculated by simulating the switching patterns using the transition matrices [38] . Short discovery times suggest that all alternatives are relatively easy to perceive for the given participant, whereas long discovery times suggest that some perceptual alternatives are less rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160110 viable. We ran the simulation 1000 times for each participant until all percepts were discovered. The median time of the simulations was used as the 'time to discover all percepts' variable of the participant. The times to discover all percepts were 24.4 + 33.4 s for auditory streaming and 197.7 + 180.4 s for verbal transformations.
The transition matrices were suitable for comparing individuals based on multidimensional scaling (MDS) of their switching patterns (see also the electronic supplementary material, Data Analysis). A scree test was performed to decide on the number of dimensions in the MDS (electronic supplementary material, figure S3b). A smaller stress value (less than 0.05) indicates that the dataset is well represented by the corresponding number of MDS dimensions [50] . To interpret the MDS dimensions, we assessed the extent to which the coordinates of each participant were correlated with the following variables: for auditory streaming, the number of switches, the time to discover all percepts, the durations and proportions of the integrated, segregated and combined percepts; for verbal transformations, the durations and proportions of the banana, nappa, nonsense and others.
We calculated significance levels by Spearman's rank order correlations using two methods. The first approach was to estimate the probability of obtaining the correlation by a random projection of the factor values. The probability was determined by permuting the factor vectors 10 000 times and establishing the proportion of random correlations that were higher than the one obtained empirically ( p perm ). The second approach was to control for the family-wise error rate in this randomization context by registering the highest absolute correlation between the given MDS dimension and each perceptual variable in each permutation run. The distribution of these maximal coefficients was then used to compute the p-value of the observed correlations ( p fwe ). Variables were sorted into five families: perceptual measures (eight variables in auditory streaming and 10 variables in verbal transformations); Glx measures in the four brain regions (AC, IFC, PFC and ACC); GABA measures derived from the same brain regions as the Glx measures; personality traits (10 variables of the personality scales) and measures from the inhibition tasks (accuracy of antisaccade trials, stop-signal reaction time and reaction time difference in the Stroop task).
Results
Idiosyncratic switching patterns were first checked by using the intraindividual difference calculated from the KullbackLeibler (KL) distances between participant's own transition matrices across blocks (electronic supplementary material, figure S3c). Then interindividual difference was assessed by computing the KL distances between the participant's and every other participants' transition matrices. The relationship between a participant's intra-and interindividual consistency was tested by Wilcoxon's signed-rank test. The hypothesis was that the intraindividual distances would be smaller than the interindividual ones. Thus, we used a one-tailed test for each participant (a-level ¼ 0.05).
Using the transition matrices from auditory streaming, 17 of the 22 participants (77.3%) were distinguishable from the rest of the participants (electronic supplementary material, table S3). Using the number of switches variable, 15 of the 22 participants (68.2%) were separable from the rest. For verbal transformations, the transition matrices allowed 15 of the 22 participant (68.2%) to be distinguished from the rest of the participants, whereas by the number of switches, 16 of the 22 participants (72.7%) were separable from the rest. In both auditory streaming and verbal transformations, 14 participants (63.6%) had characteristic transition matrices, although only 10 participants (45.5%) had characteristic switch numbers. The transition matrices were chosen for the MDS because it led to similar results reflecting characteristic switching patterns for each individual.
The MDS was used to examine relationships between individual cases in the auditory streaming dataset (table 1) . A two-dimensional solution gave an acceptable fit to the data (stress ¼ 0.028; electronic supplementary material, figure S3b). The first dimension was positively related to the proportion of the combined percept (r s ¼ 0.986), whereas it was negatively related to the proportion of the integrated and segregated percepts (r s ¼ 20.744 and 20.666). The first dimension also showed negative correlations with the duration of integrated and segregated percepts (r s ¼ 20.614 and 20.604). Because integrated and segregated percepts are the most frequent ones in a classic streaming paradigm [6] , our interpretation is that the first dimension is strongly affected by the presence of the additional option of describing one's perception in terms of the combined percept. Thus, the first dimension was named the 'exploration-exploitation' axis. This idea is consistent with the evidence that participants with high scores on the first dimension discovered all percepts quickly (r s ¼ 20.495). The second dimension was positively related to the proportion of the integrated percept (r s ¼ 0.540) and negatively to that of the segregated percept (r s ¼ 20.572). Thus, the second dimension was termed the 'integration -segregation' axis. Taken together, these results suggest that the listener's task to categorize their perception in terms of multiple alternatives produces distinct individual differences in auditory streaming and that these differences can be mapped on two dimensions. We identified the neurotransmitter measures associated with switching patterns of auditory streaming (electronic supplementary material, table S4). The Glx in the AC was negatively correlated with the 'exploration-exploitation' dimension (r s ¼ 20.550, p perm ¼ 0.007, p fwe ¼ 0.039), but the other variables were not. This suggests that higher Glx concentration in this region is related to the 'exploitation' property of auditory streaming. We further examined the relationship between neurotransmitter measures and perceptual variables. The Glx in the AC was correlated positively with the proportion of the segregated percept (r s ¼ 0.761, p perm ¼ 0.001, p fwe ¼ 0.001) and negatively with that of the combined percept (r s ¼ 20.520, p perm ¼ 0.014, p fwe ¼ 0.050; figure 1a ). This confirms that participants with a higher Glx concentration in the AC experience more segregated and fewer combined percepts. It has been found that neural responses in the AC can account for important features of auditory streaming [51] [52] [53] [54] . Here, we argue that the formation and selection of the combined percept also requires other brain areas. One possible candidate is the IFC, because the GABA measured there was related positively to the proportion of the combined percept (r s ¼ 0.446, p perm ¼ 0.041, p fwe ¼ 0.138) and negatively to the duration of the segregated percept (r s ¼ 20.425, p perm ¼ 0.050, p fwe ¼ 0.185; figure 1b). Thus, it is possible that the 'explorationexploitation' property of auditory streaming is supported by a balance between Glx and GABA concentrations in different brain regions.
MDS was also used to examine what separates individuals' switching patterns in verbal transformations (table 2) . A threedimensional solution was chosen (stress ¼ 0.014; electronic supplementary material, figure S3b). The first dimension was related positively to the proportion of banana (r s ¼ 0.816) and negatively to that of others (r s ¼ 20.906). The second and third dimensions were negatively correlated with the proportion of nappa (r s ¼ 20.966) and nonsense (r s ¼ 20.868). These results indicate that the proportion of each percept, rather than its duration, is associated with individual differences in verbal transformations.
Neurotransmitter measures did not show any significant correlation with the MDS dimensions of verbal transformations (electronic supplementary material, table S5). We then 
Discussion
The present results demonstrated that Glx and GABA concentrations in the AC and IFC were related to idiosyncratic switching patterns of auditory streaming and verbal transformations. By contrast, we found no evidence that neurotransmitter concentrations in PFC and ACC contributed to individual differences in the switching patterns. This lack of correlation is consistent with recent neuroimaging evidence in visual bistable perception [55] . Thus, the interindividual variation of auditory multistability can be linked to the balance of glutamatergic and GABAergic signalling between different brain regions. We did not find any correlation between perceptual switching patterns, personality traits and response inhibition abilities. Thus, cognitive factors probably have a limited effect on auditory multistability.
We acquired the following two dimensions from the transition matrices of auditory streaming: 'explorationexploitation' and 'integration-segregation'. The MDS results in this study are consistent with those obtained in a recent study [38] . The dimensions probably reflect a general principle of switching patterns in auditory streaming, beyond language and culture, because similar results are obtained in laboratories in different countries. More importantly, Glx concentrations in the AC were correlated with the proportion of the integrated and segregated percepts (i.e. more exploitation), whereas GABA concentrations in the IFC were correlated with the proportion of the combined percept and the short time to discover all percepts (i.e. more exploration). This suggests that switching patterns are based on the balance of Glx and GABA concentrations between sensory and suprasensory areas. Although most neuroimaging studies have focused on the role of AC in perceptual organization [52, 53, 56] , several researchers have argued that the intraparietal sulcus mediates the figure-ground segregation in auditory scenes [57, 58] . Thus, there is the possibility that an interaction between different cortical areas is responsible for individual differences in auditory multistability. The previous studies mentioned above allowed only two choices for participants to report their percepts of sound sequences, whereas this study allowed them four alternatives. The latter possibly involves schema-based processes to a larger degree for classifying one's experience. Given that the IFC is associated with perceptual classification, the IFC involvement in perceptual organization should be larger when the classification part of the task becomes more complicated (i.e. when neither of the common categories fit one's perception).
We found different contributions of the AC and IFC to verbal transformations, as well as to auditory steaming. Glx concentrations in the AC were correlated with the durations of banana and nappa percepts, whereas GABA concentrations in the IFC were correlated with the proportion of the other percept. A simple interpretation is that the IFC involvement in verbal transformations depends on speech-specific mechanisms [37, 59] . However, several researchers have argued that the IFC is associated with the generation of perceptual objects even in vision. For the apparent motion quartet, rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160110 IFC activity occurs earlier during spontaneous perceptual switches but not during stimulus-driven changes [60] . Thus, the temporal precedence of the activation indicates that the IFC participates in initiating the formation of perceptual objects.
We did not find any significant correlation between auditory multistability and personality scales. By contrast, a recent study demonstrated that ego-resiliency is linked to switching patterns of auditory streaming [38] . In this study, a post hoc power analysis showed that more than 70 participants were needed to achieve a statistical power of 80% for significant correlations between ego-resiliency scores and switching patterns of auditory streaming (at the a-level of 0.05). This suggests that the lack of correlation in the current study was possibly due to low statistical power. Also we did not find any correlation between auditory multistability and response inhibition. Some theoretical models have postulated that perceptual switching is determined by the dynamics of mutual inhibition between neural populations representing each percept [21, 22] . Our results suggest that neurochemical inhibition is not directly related to inhibition of a prepotent response at the cognitive level.
Previous studies have demonstrated that the dopamine tone of individuals is related to idiosyncratic switching patterns of auditory streaming and verbal transformations [16, 17] . However, it is unclear what brain areas are influenced by the different neurotransmitter systems. This study suggests that AC Glx and IFC GABA concentrations are associated with auditory multistability. This is consistent with findings in the literature of auditory scene analysis, which has shown that perceptual organization involves an interaction between distributed neural circuits below, in and beyond AC [56, 61, 62] . Furthermore, our findings have clinical implications in that dysfunctions of the GABAergic and glutamatergic systems impact auditory perceptual organization. 
